Inspired by recent experimental sub-atomic measurements using analytical aberration-corrected scanning transmission electron microscopes (STEMs), we studied electron probe propagation in crystalline SrTiO3 at the sub-atomic length scale. Here, we report the existence of sub-atomic channeling and the formation of a vortex beam at this scale. The results of beam propagation simulations, which are performed at various crystal temperatures and STEM probe convergence angles (10 to 50 mrad) and beam energies (80 to 300 keV), showed that reducing the ambient temperature can enhance the sub-atomic channeling and that STEM probe parameters can be used to control the vortex beams and adjust their intensity, speed, and area.
Aberration correction of the lenses in the transmission electron microscope (TEM) has allowed the field of analytical microscopy [1] [2] [3] , particularly analytical scanning TEM (STEM), to enter a new realm of resolution. As a result, it is possible to detect atomic columns in crystals with < 1 Å separation and even individual atoms [4, 5] . The development of atomic-resolution spectroscopy has naturally followed that of atomic-scale imaging [6] [7] [8] [9] [10] [11] . Yet, these instruments can be pushed further and can offer a window into sub-atomic physics via measurements that previously were not considered possible. A report by Muller et al. [12] showed that by using aberration-corrected STEM, it is possible to measure sub-atomic electrical fields inside crystals.
In another example, the report by Jeong et al. [13] showed that it is possible to probe core electronic orbitals of atoms and, in the process, to measure the impact parameter for electronic excitations from core levels to higher levels.
One way to approach sub-atomic STEM measurements is to explore the propagation of an aberration-corrected STEM probe through crystalline samples at the sub-atomic level. Early studies of beam propagation through crystals at the atomic level revealed many interesting phenomena, including beam channeling through the atomic columns in crystals [14] [15] [16] and beam intensity transfer from one atomic column to another [17] . Understanding beam channeling was instrumental for quantification of atomic-resolution annular dark-field (ADF) STEM images [18, 19] , which, in turn, aided in the quantification of individual dopant atoms in crystalline materials [20, 21] .
In this letter, we present a simulation-based study of sub-atomic channeling of the STEM probe through a SrTiO3 crystal, which, as will become clear, is already rich with new phenomena, from sub-atomic pendulum-like oscillations of the beam to the formation of vortex beams. The implications of these observations are also discussed. it is well studied both experimentally and theoretically and, therefore, parameters are well known [22] ; it has large spacing between atomic columns (a = 3.905 Å), which simplifies the visualization of the beam channeling; and it also has light (O) and heavy (Sr) atomic columns, and also the combination of both (Ti/O). Fig. 1(a) shows a schematic of a SrTiO3 unit cell viewed along the First, the propagation of the aberration-corrected STEM probe in SrTiO3 was studied as a function of the distance of the probe from the atomic column at sub-atomic distances. This was simulated using the Multislice method [23] as implemented by the TEMSIM code [24] . To ensure accurate thermal diffuse scattering (TDS)-inclusive simulations at room temperature (T = 300 K), RMS thermal vibration values were determined from the experimental diffraction literature: 0.0773 Å 2 for Sr, 0.0606 Å 2 for Ti, and 0.0848 Å 2 for O [13, 25] . For these calculations, an aberration-free STEM probe was used that had a convergence angle of obj = 24.5 mrad and beam energy of E = 300 keV [16] . Fig. 1 shows the results of the beam propagation when the STEM probe location was gradually moved from the Sr atomic column to a neighboring Ti/O column (for beam propagation with finer probe steps see SI, video S1).
As can be seen from Fig. 1 , when the probe is located exactly on top of the atomic columns, for instance Sr (position P1) and Ti/O (position P9), the expected on-column channeling is observed [16] . However, when the probe is slightly moved away from the atomic column, at a distance smaller than the size of the atomic dimensions, the on-column channeling disappears.
Instead, the propagating beam oscillates back and forth around the center of the atomic column, like a pendulum. Additionally, the frequency of these oscillations is different than that for the oncolumn channeling. These unique oscillations can be observed even when the probe is located only 0.2 Å away from the column. It appears that when the probe is located approximately 0.4 Å away from the Sr or Ti/O columns, the oscillations are most prominent, and then they die off, reconfirming the sub-atomic nature of the oscillations. For simplicity of discussion, we will refer to these sub-atomic, pendulum-like oscillations as 'sub-atomic' channeling. The results of the simulations presented in Fig. 1 (and also in the SI) capture several unique characteristics of this sub-atomic channeling: (1) the frequency of the oscillations is a function of the distance of the initial probe position relative to the center of the atomic column, (2) for the probes located at the same distance from the columns, the oscillations are stronger for the column with heavy atoms, and (3) the propagating beam, while it oscillates within the dimensions of the atom, avoids being in the center of the atom, which is in complete contrast to on-column channeling.
The sensitivity of this sub-atomic channeling to crystal temperature and STEM probe parameters was also tested. Lowering the temperature of the crystal results in a reduction of the thermal vibrations of the atoms, which in turn reduces the TDS of the probe electrons [26] . Fig. 2 shows the results of simulation for beam propagation when the lattice phonons are quenched to experimentally achievable liquid nitrogen temperature, T = 77 K. At lower temperatures, the subatomic channeling clearly becomes enhanced (see Fig. 1(b) for comparison) . The simulations, additionally performed at various electron beam energies and probe convergence angles, showed that the sub-atomic channeling can be observed at least for the energy range of 80 to 300 keV and for convergence angles of 10 to 50 mrad (see SI). In conclusion, we have shown that there exists rich sub-atomic physics to be explored using available aberration-corrected analytical STEMs. To do so, understanding the propagation of the STEM probe through a crystalline material at the sub-atomic length scale is essential. The importance of this is highlighted here by demonstrating an existence of sub-atomic channeling and a formation of vortex beams in a SrTiO3 crystal. We also demonstrated that the ambient temperature can influence this sub-atomic channeling, and that the STEM probe parameters can be used to control the vortex beams. In addition to the possibility to exploit sub-atomic channeling to probe atomic electronic orbitals, the vortex beams can provide a window into measurements of magnetism from individual atomic columns.
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